The Ln 3 OsO 7 (Ln = Sm, Eu, Gd) compounds were grown as single crystals from molten hydroxide fluxes. At temperatures above 235, 330, and 430 K, respectively, the Ln 3 OsO 7 (Ln = Sm, Eu, Gd) compounds exist in the orthorhombic space group Cmcm. When they are cooled below these temperatures, the compounds undergo a structural phase transition from space group Cmcm to P2 1 nb. The structure transition results in a loss of lattice centering, a doubling of the b axis, a distortion of the vertex-shared Os−O chains, and a reduction in the coordination of one of the rare earth cations from 8-fold to 7-fold. Sm 3 OsO 7 and Eu 3 OsO 7 exhibit complex magnetic behavior below about 50 K, and Gd 3 OsO 7 shows a ferromagnetic-like order at 34 K in applied fields of less than 10 kG. The Ln 3 OsO 7 (Ln ) Sm, Eu, Gd) compounds were grown as single crystals from molten hydroxide fluxes. At temperatures above 235, 330, and 430 K, respectively, the Ln 3 OsO 7 (Ln ) Sm, Eu, Gd) compounds exist in the orthorhombic space group Cmcm. When they are cooled below these temperatures, the compounds undergo a structural phase transition from space group Cmcm to P2 1 nb. The structure transition results in a loss of lattice centering, a doubling of the b axis, a distortion of the vertex-shared Os−O chains, and a reduction in the coordination of one of the rare earth cations from 8-fold to 7-fold. Sm 3 OsO 7 and Eu 3 OsO 7 exhibit complex magnetic behavior below about 50 K, and Gd 3 OsO 7 shows a ferromagnetic-like order at 34 K in applied fields of less than 10 kG.
Introduction
The crystal growth of complex metal oxides containing both a lanthanide and a platinum group metal remains a challenge, although recent advances in the use of molten hydroxides as growth media have resulted in the synthesis of several new oxide materials. [1] [2] [3] [4] [5] [6] The acid-base chemistry of hydroxides, described by the Lux-Flood acid-base definition 7, 8 allows for a wide range of species to be present in solution, making them a versatile solvent for crystal growth. In fact, it has been known for some time that molten hydroxides are an excellent solvent of crystallization for lanthanide containing oxides, 9, 10 where the solubility of the lanthanides is dictated by the acid-base properties of the melt. Specifically, the water content of the melt must be controlled to enable the dissolution of the lanthanide oxides (Ln 2 O 3 ), 7, 8, 11 which are only soluble in acidic "wet" melts. 10 We have recently shown that such wet melts are one route for the growth of oxide single crystals containing both lanthanide and platinum group metals (Ru, Rh, Pd, Os, Ir, Pt). [1] [2] [3] [4] 6 As part of our investigation of the Ln-M-O (Ln ) lanthanide, M ) platinum group metal) phase space, we have been systematically studying the reaction between lanthanides and platinum group metals using molten hydroxide solvents and have shown that, as a function of the lanthanide size, single crystals of complex oxides with different structure types form. For example, in the Ln-Ru-O phase space, single crystals of the double perovskite, Ln 2 NaRuO 6 , are obtained for the larger lanthanides (Ln ) La, Pr, Nd), 4 while for the smaller lanthanides (Ln ) Sm, Eu), single crystals of the fluorite-related structure, Ln 3 RuO 7 , are formed. 5 Analogously, the Ln-Os-O phase space also allows for the isolation of single crystals of the double perovskites, Ln 2 -NaOsO 6 , for the larger lanthanides (Ln ) La, Pr, Nd) 3 , and the formation of single crystals of the fluorite-related structure, Ln 3 OsO 7 , for the smaller lanthanides (Ln ) Sm, Eu, Gd) (this article). The polycrystalline powder preparation and magnetic properties of Ln 3 OsO 7 (Ln ) La, Pr, Nd, Sm), 12, 13 have been previously reported. The family of compounds of the general formula Ln 3 MO 7 , where Ln is a lanthanide and M is a pentavalent metal cation, were first reported by Allpress and Rossell in 1979 and were described as having an orthorhombic fluorite-related structure. 14 Since then, many compositions have been prepared and investigated, including Ln 3 MO 7 (Ln ) La, Pr, Nd; M ) Nb, Ta, Sb), [14] [15] [16] [17] Ln 3 RuO 7 (Ln ) La, Pr, Nd, Sm, Eu, Gd), 5, [18] [19] [20] [21] [22] Ln 3 ReO 7 (Ln ) La, Pr, Nd, Sm, Gd, Tb, Dy), [23] [24] [25] Ln 3 OsO 7 (Ln ) La, Pr, Nd, Sm), 12, 13 and Ln 3 IrO 7 (Ln ) Pr, Nd, Sm, Eu) 26, 27 The structure of these compounds is well described in the orthorhombic space group Cmcm and features chains of trans vertex-sharing MO 6 octahedra that are oriented along the c axis and that are tilted in the bc plane. In this structure, the lanthanide cations are located in two different coordination environments, 8-fold pseudo-cubic and 7-fold pentagonal bipyramidal, and the M(V) cations are located in octahedral coordination. (Figure 1 ). Detailed magnetic and thermal investigations have been reported for the ruthenium-and iridium-containing members of this family, which have provided evidence for the existence of low-temperature structural phase transitions and, moreover, revealed that the transition temperature is a function of the specific lanthanide ion in the Ln 3 MO 7 (M ) Ir, Ru) oxides. [27] [28] [29] [30] [31] To elucidate the structure of the low-temperature phase, we recently reported on the Ln 3 RuO 7 (Ln ) Sm, Eu) 5 compounds where we described the observed structural phase transition from space group Cmcm to P2 1 nb. The structure transition results in a distortion of the vertex-shared Ru-O chains and a reduction in the coordination of one of the rare earth cations from 8-fold to 7-fold, in addition to a loss of lattice centering and doubling of the b axis. (Figure 2 ). Herein, we report the observation of the analogous structural phase transitions in Sm 3 OsO 7 , Eu 3 OsO 7 , and Gd 3 OsO 7 where, below the temperatures of approximately 235, 330, and 430 K, respectively, they exist in the low-temperature P2 1 nb structure and upon heating undergo a structural phase transition to the high-temperature Cmcm structure as determined from a combination of single-crystal X-ray diffraction and TGA-DTA analysis. In this paper, we report on the highand low-temperature crystal structures of Sm 3 OsO 7 , Eu 3 OsO 7 , and Gd 3 OsO 7 , as well as on the magnetic properties of these oxides.
Experimental Section
Crystal Growth. For the Ln 3 OsO 7 (Ln ) Sm, Eu, Gd) compounds, 1.00 mmol of Os metal (J & J Materials, Inc., 99.98%), (12) 1.5 mmol of Ln 2 O 3 (Alfa Aesar, REaction, 99.9%), a 10-fold mass excess of NaOH (Fisher, ACS reagent) and 0.5 g of H 2 O were placed into a silver tube that had been flame sealed on one end. The silver tube was then crimped shut on the other end, placed into a box furnace, and heated to the reaction temperature of 600°C at 10°C/min. The reaction was held at temperature for 12 h and then cooled to room temperature by turning off the furnace. The flux was dissolved with water aided by the use of sonication followed by manual isolation of the crystals.
Single-Crystal X-ray Diffraction. All single-crystal X-ray diffraction experiments were carried out using Bruker SMART APEX CCD-based diffractometer (graphite-monochromated Mo KR radiation, λ ) 0.71073 Å). Integrated intensities were extracted from the raw area-detector data and corrected for Lorentz and polarization effects with SAINT+. 32 Empirical absorption corrections based on the multiple measurement of equivalent reflections were applied to each data set with SADABS. 32 A full-matrix leastsquares refinement of the known structural models for the highand low-temperature forms was performed against F 2 with SHELX-TL. 37 Room-and High-Temperature X-ray Diffraction. For the high-temperature X-ray diffraction data (T > 294 K), the diffractometer was fitted with a Nonius crystal heater. 33 The data crystals were mounted on glass capillaries with epoxy. The crystal of Eu 3 -OsO 7 was heated to 380 K and that of Gd 3 OsO 7 to 480 K by a stream of hot argon, above their transition temperatures. During the data collections, the temperature was stable to within (1 K of the value set for the experiment. Diffraction data covering a hemisphere of reciprocal space were harvested with 0.3°scans in ω and with an exposure time of 10 s per frame to 2θ max ) 57°. A suitable crystal of Sm 3 OsO 7 was epoxied onto a thin glass fiber for the room-temperature measurement. The data collection covered ca. 85% of the full sphere of reciprocal space to 2θ max ) 65°. For all compounds, refinement of the data in the space group Cmcm, known for the high-temperature form of the compounds, converged rapidly. All atoms were refined with anisotropic displacement parameters. Refinement of the site occupation factors for the metal atoms showed no deviation from unity occupancy in any case. Final refinement statistics for the room-and high-temperature data sets are compiled in Table 1 .
Low-Temperature Single-Crystal X-ray Diffraction. When the crystals of Sm 3 OsO 7 were cooled below ca. 235 K, additional reflections appeared in the diffraction pattern. Though weak, all additional diffraction peaks could be indexed to a primitive orthorhombic cell with a ≈ 10.7 Å, b ≈ 14.6 Å, and c ≈ 7.4 Å, corresponding to a doubling of the b axis of the high-temperature Cmcm cell and a loss of lattice centering. This observation corresponds exactly to the structural transition previously observed in crystals of the ruthenium analogues Ln 3 RuO 7 (Ln ) Sm, Eu). 5 The transition temperatures of Eu 3 OsO 7 and Gd 3 OsO 7 were not determined by diffraction techniques. Data sets with high redundancy were collected at 100 K for Sm 3 OsO 7 and at 150 K for Eu 3 -OsO 7 and Gd 3 OsO 7 to 2θ max g 65°. Systematic absences in the low-temperature intensity data sets indicated the space groups Pmnb and P2 1 nb (the nonstandard settings of Pnma and Pna2 1 ). The acentric space group P2 1 nb was initially assumed by analogy to Ln 3 RuO 7 (Ln ) Sm, Eu). Refinement in the P2 1 nb space group of the structural models from the low-temperature forms of Ln 3 RuO 7 (Ln ) Sm, Eu) yielded satisfactory results. Trial refinements in the Pmnb space group resulted in physically unreasonable displacement parameters and difference map features, as well as high R factors, thereby confirming P2 1 nb. All data sets were refined as perfect inversion twins, as with the ruthenates. The metal atoms were refined with anisotropic displacement parameters except for atoms Sm3, Sm6, and Eu6 from the appropriate data sets. All oxygen atoms were refined isotropically. The final refinement statistics for the low-temperature data sets for Eu 3 OsO 7 , Gd 3 OsO 7 , and for Sm 3 OsO 7 are compiled in Table 4 .
Scanning Electron Microscopy. Environmental scanning electron micrographs (ESEM) of several single crystals were obtained using a FEI Quanta 200 ESEM instrument utilized in the lowvacuum mode. Energy dispersive spectroscopy (EDS) verified the presence of samarium, osmium, and oxygen in Sm 3 RuO 7 , europium, osmium, and oxygen in Eu 3 OsO 7 , and gadolinium, osmium, and oxygen in Gd 3 OsO 7 . Furthermore, within the detection limit of the instrument, no extraneous elements were detected.
Differential Thermal Analysis/Thermogravimetric Analysis (DTA-TGA). Thermogravimetric analyses were carried out on a TA Instruments SDT 2960 simultaneous DTA-TGA by heating the Fluorite-Related Osmates samples at a rate of 2°C/min under flowing air up to a temperature of 300°C. Magnetic Susceptibility. The magnetic susceptibility of the Ln 3 -OsO 7 (Ln ) Sm, Eu, Gd) compounds was measured using a Quantum Design MPMS XL SQUID magnetometer. For the magnetic measurements, loose crystals of each osmate were placed into a gelatin capsule, which was placed inside a plastic straw. Samples were measured under both zero-field-cooled (ZFC) and field-cooled (FC) conditions. For all compounds, the magnetization was measured in the temperature range of 2-300 K. Susceptibility data were obtained in applied fields ranging from 100 G to 40 kG. In addition, field sweeps were recorded at various temperatures for the Eu 3 OsO 7 and Gd 3 OsO 7 compounds. The very small diamagnetic contribution of the gelatin capsule containing the sample had a negligible contribution to the overall magnetization, which was dominated by the sample signal.
Results and Discussion
Orthorhombic Cmcm Structures. Small black crystals, averaging 0.1-0.2 mm in length, were isolated from a molten hydroxide flux and used for single-crystal X-ray diffraction measurements. An analysis of the single-crystal diffraction data at room temperature for Sm 3 OsO 7 and 380 and 480 K for Eu 3 OsO 7 and Gd 3 OsO 7 , respectively, confirmed that all three compounds crystallize in the space group Cmcm commonly reported for the Ln 3 MO 7 family of oxides. This high-temperature orthorhombic Cmcm structure, Figure 1 , features chains of trans vertex-sharing OsO 6 octahedra that run along the c-axis. One-third of the lanthanide cations, Ln-(1), are in a distorted cubic 8-fold coordination environment, forming chains of edge-sharing Ln(1)O 8 pseudocubes that concomitantly share edges with the chains of the OsO 6 octahedra, generating slabs that lie parallel to the bc plane. The remaining lanthanide cations, Ln(2), are located between these layers, where they exist in a 7-fold distorted pentagonal bipyramidal coordination environment.
The Os-O bond distances are in the ranges of 1.956(6)-1.957(3), 1.954(6)-1.961(4), and 1.955(6)-1.956(4) Å for Sm 3 OsO 7 , Eu 3 OsO 7 , and Gd 3 OsO 7 , respectively. These values agree well with previously reported values for Os 5+ in octahedral coordination. 3, 34, 35 All crystallographic data and atomic positions for the high-temperature Cmcm structures are listed in Tables 1 and 2 , respectively. Selected interatomic distances and angles are listed in Table 3 .
Orthorhombic P2 1 nb Structures. Recently, we reported on the synthesis and single-crystal X-ray diffraction structure determination of the high-and low-temperature structures of Ln 3 RuO 7 (Ln ) Sm, Eu); these compounds undergo a structure transition from space group Cmcm to P2 1 nb at 190 numerous reflections in the diffraction pattern are present, indicative of the P2 1 nb structure. 5 The structure transition from Cmcm to P2 1 nb involves a distortion in the trans vertexsharing OsO 6 chains that causes a doubling of the orthorhombic b axis and a concomitant reduction in the coordination environment of the Ln(1, 2) cations from 8 to 7. All crystallographic data and atomic positions for the lowtemperature structures are listed in Tables 4 and 5 , respec- (1) 145.6(7) 145.6(9) 142.8(5) Figure 3 . Views of the OsO6 octahedral chains down the a axis for (a) the high-temperature structure and (b) the low-temperature structure of Ln3-OsO7 (Ln ) Sm, Eu, Gd). Note the distortion of the chains in the lowtemperature structure as the octahedra now tilt in both the bc and ab planes.
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tively. Selected interatomic distances and angles are listed in Table 6 . The low-temperature structures are best described in the acentric primitive orthorhombic space group P2 1 nb with 6 independent rare earth positions, 2 unique osmium sites, and 14 independent oxygen atomic positions. Figure 3 shows the structure of the low-temperature forms of Ln 3 OsO 7 (Ln ) Sm, Eu, Gd). Similar to the high-temperature Cmcm phase, the structure features chains of vertex-shared OsO 6 octahedra running along the c axis which now, however, are tilted in the ab plane along the chain direction as well as in the bc plane. This additional tilting of the chain and associated rotation of the OsO 6 octahedra (Figure 3 ) has the effect of reducing the coordination environment of the associated Ln 3+ polyhedra [now Ln(1) and Ln(2) in P2 1 nb] from 8 to 7 (Figure 4) . In the high-temperature Cmcm structure, the chains of trans vertex-sharing OsO 6 octahedra connect to the chains of edge-sharing Ln(1)O 8 pseudocubes via pairs of equatorial OsO 6 oxygens. In the low-temperature P2 1 nb structure, however, the tilting of the OsO 6 chains in the ab plane and the concomitant rotation of the Ru (2) (9) and Ln(2)-O(7) distances of about 3.38 Å are greater that the sum of the ionic radii and are thus considered nonbonding, reducing the coordination environment from 8 to 7 (Figure 4) . The coordination environment of the lanthanide is now best described as a capped trigonal (1)O8 pseudo-cubes in the (a) high-temperature structure and Os(1, 2)O6 octahedra and Ln(1, 2)O7-capped trigonal prisms in the (b) lowtemperature structure. The corresponding oxygen atoms found in different positions in each of the two structures are marked in red. In the low-temperature structure, the tilting of the Os(2)O 6 octahedra causes the reduction in coordination in the Ln(1, 2)O7-capped trigonal prisms while the Os(1)O6 octahedra maintain their edge-sharing connectivity to the Ln-(1, 2)O7-capped trigonal prisms. prism. It should be noted that the Os(1)O 6 octahedra maintain their edge-sharing connectivity with both Ln(1) and Ln(2), and it is only the rotation of the Os(2)O 6 octahedra that causes the oxygen to move out of the Ln(1, 2) coordination sphere. The Os-O distances, on the other hand, are not affected by the structural distortion, and the average Os-(1)-O and Os(2)-O distances are 1.961 and 1.957, 1.961 and 1.950, and 1.955 and 1.952 Å for Sm 3 OsO 7 , Eu 3 OsO 7 , and Gd 3 OsO 7 , respectively (Table 6 ). In the low-temperature structure, the OsO 6 chains still connect to the rare earth chains to form sheets ( Figure 5 ), between which the remaining rare earth cations exist in four crystallographically unique sites, Ln(3)-Ln(6), as distorted pentagonal bipyramids. The OsLn-O slabs are more distorted in the low-temperature structure, which can be clearly seen in Figure 5 , which shows the view down the c axis.
As mentioned above, the temperatures at which the title compounds undergo the structural phase transition are approximately 235, 330, and 430 K for Sm 3 OsO 7 , Eu 3 OsO 7 , and Gd 3 OsO 7 , respectively. Figure 6 shows the structure transition temperatures for the three series of related phases Ln 3 MO 7 (M ) Ru, Os, Ir), above which these compounds exist in the high-temperature Cmcm structure and below which they exist, at least for Ln 3 RuO 7 (Ln ) Sm, Eu) 5 and Ln 3 OsO 7 (Ln ) Sm, Eu, Gd) (this article), in the lowtemperature P2 1 nb structure.
The structure transition appears to be influenced, at least in part, by the size of the Ln 3+ cation. The transition temperature increases for each of the three series of compounds as the size of the Ln 3+ cation decreases, and although each series is offset from one another, the general trend is similar and each transition temperature within a series is separated by approximately the same temperature interval of 100 K. The cause for the difference between the three series is more difficult to assign, as Ru 5+ , Ir
5+
, and Os 5+ are very close in size, suggesting that it is not primarily a size effect.
TGA-DTA. The temperatures at which the Eu 3 OsO 7 and Gd 3 OsO 7 compounds undergo the structural phase transition from the low-temperature P2 1 nb structure to the hightemperature Cmcm structure were determined from the DTA traces from room temperature to 300°C. Thermal events are detected at approximately 60°C and 160°C for Eu 3 -OsO 7 and Gd 3 OsO 7 , respectively, in the DTA data and are attributed to the structural phase transition. The TGA data showed no significant weight loss (<1%) up to 300°C, and the DTA trace is included as supplemental information.
Magnetism. Sm 3 OsO 7 . The temperature dependence of the magnetic susceptibility for loose crystals of Sm 3 OsO 7 in an applied field of 10 kG is shown in Figure 7 . A series of complex magnetic transitions at ∼60, ∼50 and ∼20 K are apparent in the data and, while more pronounced, closely match those reported and discussed previously by Plaisier for data collected on polycrystalline powders of Sm 3 OsO 7 .
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The curie constant for Sm 3 OsO 7 cannot be calculated because up to the highest temperature measured (300 K) the magnetic behavior deviates from Curie-Weiss-type behavior.
Eu 3 OsO 7 . The temperature dependence of the magnetic susceptibility for Eu 3 OsO 7 in an applied field of 10 kG is shown in Figure 8 . As in Sm 3 OsO 7 , three magnetic transitions are observed at ∼60, ∼50 and ∼20 K, and the ZFC data undergo an antiferromagnetic-like downturn at about 40 K. Below 40 K, the data exhibits a field dependence, as evidenced by the fact that the ZFC and FC data no longer overlay. The high-temperature susceptibility data deviate significantly from Curie-Weiss-type behavior making it impossible to extract a magnetic moment. Figure 9 shows the field dependence of the magnetization at 150, 50, 10, and 2 K. It can be clearly seen that at temperatures below 50 K there exists a field dependence, albeit small. More interesting is the relatively small field dependence observed Figure 6 . Structure transition temperatures for the compounds Ln3MO7 (Ln ) Ln 3+ , M ) Ir, Os, Ru) as determined by thermal and magnetic characterization. [27] [28] [29] [30] Above the marker, the compound exists in the hightemperature Cmcm structure, and below the marker the compound exists in a low-temperature structure. Compositions investigated by us are denoted with an asterisk. The phases Ln3RuO7 (Ln ) Sm, Eu) 5 and Ln3OsO7 (Ln ) Sm, Eu, Gd) exist in the P21nb low-temperature structure reported in this paper, as determined from single-crystal X-ray diffraction. at 2 K for a zero-field-cooled measurement (black diamonds). However, after the sample was heated to 50°C and cooled back down to 2 K in an applied field of 40 kG, the field dependence becomes the largest relative to the other temperatures (red diamonds). This behavior is indicative of domain wall pinning and suggests that in the absence of sufficient thermal energy to allow the domain wall motion to align the spins in an external field, the overall magnetization of the sample cannot reach its maximum. To further illustrate this point, the magnetic susceptibility in a field of 100 G is presented in Figure 10 . The data were collected in temperature loops from 2 K to X to 2 K (X ) 30, 44, 50, 70 K). As the temperature increases, the domains grow and align in the external field, gradually increasing the overall susceptibility to a maximum. Warming the sample any further above the transition temperature at ∼50 K will not increase the maximum susceptibility of ∼3.5 emu/mole.
Gd 3 OsO 7 :
The temperature dependence of the susceptibility for Gd 3 OsO 7 in applied fields of 40, 20, 10, 1, and 0.5 kG is shown in Figure 11 . Fitting the high-temperature susceptibility (100 < T > 300 K) measured in an applied field of 10 kG to the Curie-Weiss law results in values of µ eff ) 13.7, C ) 23.6 emu K mole -1 , µ B , θ ) 1.6 K which is slightly lower than the expected value of µ ) 14.2 µ B .
(The expected value can be estimated as 14.2 using the reported moment for octahedral Os(V) of µ eff ) 3.26 µ B in La 2 NaOsO 6 3 and a value of µ eff ) 8.0 µ B for Gd Field dependence of the magnetization of Eu3OsO7 measured at temperatures of 150, 50, 10, and 2 K (2 K* represents the field dependence measured at 2 K after heating to 50 K followed by cooling to 2 K all in an applied field of 40 kG). attributed to an ordered, magnetized state. 36 The field dependence of the magnetization recorded at 125, 55, 34, 26, and 2 K is shown in Figure 12 . Well above the ordering temperature of 34 K, paramagnetic-like behavior is observed. At 34 K, a slight field dependence is observed, and at lower temperatures the field dependence increases to a moment of about 12 µ B at 2 K and 40 kG, however the behavior does not indicate saturation.
Summary
The three fluorite-related osmates of the Ln 3 OsO 7 (Ln ) Sm, Eu, Gd) stoichiometry were synthesized in single-crystal form, their structures were characterized, and their magnetic properties were investigated. The growth of these oxides from molten hydroxide fluxes further establishes these melts as a successful solvent system for the preparation of oxide structures containing both lanthanides and platinum group metals. The structural transitions at approximately 235, 330, and 430 K for Sm 3 OsO 7 , Eu 3 OsO 7 , and Gd 3 OsO 7 , respectively, result in a loss of lattice centering, a doubling of the b axis, and a reduction in the coordination of one of the Ln sites from 8-fold to 7-fold. The low-temperature structure of Sm 3 OsO 7 and the high-and low-temperature structures of Eu 3 OsO 7 and Gd 3 OsO 7 have been completely characterized by single-crystal X-ray diffraction. Sm 3 OsO 7 and Eu 3 -OsO 7 exhibit complex magnetic behavior below about 50 K. Gd 3 OsO 7 shows ferromagnetic-like order at 34 K in applied fields of less than 10 kG and also exhibits CurieWeiss-type behavior at high temperatures (T > 100 K) with an effective moment of 13.7 µ B .
